Abstract. MicroRNAs (miRNAs) are involved in tumorigenesis. However, little is known about their role in renal cell carcinoma (RCC). In the present study, the function of the miRNA miR-877 in RCC was investigated, and its expression levels in blood and paired RCC tissues were measured by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Bioinformatics analysis predicted eukaryotic elongation factor-2 kinase (eEF2K) to be the potential mRNA target of miR-877, which was verified by luciferase assay. The expression levels of eEF2K in RCC tissues were evaluated by western blot analysis and qPCR. The proliferation and migration abilities of RCC cells were measured by MTT and in vitro wound healing assays, respectively. The present results indicated that the expression levels of miR-877 were downregulated in blood and paired RCC tissues, whereas the expression levels of eEF2K were upregulated in RCC tissues. In addition, overexpression of miR-877 and knockdown of eEF2K significantly reduced the proliferation and migration abilities of RCC cells in vitro. Furthermore, miR-877 affected the eEF2K/eEF2 signaling pathway in these cells. In conclusion, the present study has demonstrated that miR-877 suppresses the proliferation and migration abilities of RCC cells by modulating the eEF2K/eEF2 signaling cascade. Therefore, miR-877 may be considered a potential biomarker for the diagnosis of RCC.
Introduction
Renal cell carcinoma (RCC) originates in the renal cortex, and is a highly metastatic urinary tumor that accounts for ~2% of adult malignancies and 3% of childhood malignancies (1-3). The incidence of RCC increases with age, and is higher in males than females, with a male-to-female ratio of 2:1 (4, 5) . In addition, the incidence of RCC is significantly higher in European and American countries compared with Asian countries, and the incidence is particularly low in Japan and India (6) . Due to the resistance to chemotherapy and radical nephrectomy demonstrated by RCC, the use of microRNAs (miRNAs) as potential biomarkers for the diagnosis, prognosis and therapeutic treatment of RCC has increased in recent years (7) (8) (9) (10) .
miRNAs are a group of small RNAs ~22 nucleotides in length that negatively regulate gene expression by binding to the 3'-untranslated region (3'-UTR) of the target mRNAs (11, 12) . miRNAs are involved in the regulation of cell proliferation, development, differentiation and apoptosis (13) (14) (15) . It is estimated that ~30% of human genes are regulated by miRNAs, and there is increasing evidence supporting the participation of miRNAs in human cancer (16, 17) .
Eukaryotic elongation factor-2 kinase (eEF2K) is a calmodulin (CaM)-dependent protein kinase that phosphorylates and inhibits eEF2, thus preventing the elongation phase of protein translation (18) . eEF2K consists of several domains, including an N-terminal catalytic domain, a C-terminal α-helical region and a linker containing several regulatory phosphorylation sites. Previous studies have identified high expression levels of eEF2K in several types of cancer, and suggested that eEF2K may promote cell proliferation during nutrient starvation in these tumors (19) (20) (21) . eEF2K has been considered as a potential cancer-therapeutic target, and the use of miRNA delivery agents for the treatment of different types of cancer has been investigated in previous clinical trials (1, (22) (23) (24) (25) . Therefore, the identification of novel anticancer miRNAs capable of targeting eEF2K is of importance.
Previous studies have reported that miRNA-877 acts as a tumor suppressor in human cancer (26) . However, the role of miRNA-877 in RCC has not been investigated at present. In the present study, the expression levels of miRNA-877 were observed to be downregulated in the serum and tissues derived from patients with RCC. Furthermore, miRNA-877 was demonstrated to be directly bound to eEF2K, thus inhibiting its transcription and preventing the proliferation of RCC cells. In summary, the results of the present study suggest that miRNA-877 may be a potential biomarker for the diagnosis and therapeutic treatment of RCC.
Materials and methods
Human blood and tissues. Human plasma and surgical specimens, consisting of 100 RCC tissues and 100 paired adjacent normal tissues, were collected from The Third Affiliated Hospital of Soochow University (Changzhou, Jiangsu, China) between January 2012 and December 2014. The total cohort included 55 men and 45 women, with an age range of 45-73 years. The tissues were freshly frozen in liquid nitrogen and subsequently stored at -80˚C. Written informed consent for participation in the present study was obtained from all patients and the study was approved by the ethics committee of the Third Affiliated Hospital of Soochow University.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. miRNA was extracted from the tissue specimens using the miRNeasy Mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's instructions. The miScript II RT kit (Qiagen GmbH) was used for the reverse transcription of miRNA and mRNA in these tissues. The levels of miRNA-877 in the samples were quantified by RT-qPCR, using the miScript SYBR Green PCR kit (Guangzhou Funeng Gene Co., Ltd., Guangzhou, Guangdong, China), according to the manufacturer's instructions. The primer for U6, used as an internal control, was provided in the kit. The relative expression levels of miRNA-877 in the samples were calculated by the 2 -∆∆Ct method, and normalized to the levels of U6. (27) , and 30-50 µg protein was subsequently used for western blot assay. The proteins were subjected to 8-12.5% gel electrophoresis, and transferred onto nitrocellulose membranes (EMD Millipore, Boston, MA, USA). The membranes were treated for 1 h with Tris-buffered saline containing 0.1% Tween 20 (TBST) and 5% skim milk (Amresco LCC, Solon, OH, USA), and then incubated overnight at 4˚C with primary polyclonal or monoclonal antibodies as follows: Anti-eEF2K (polyclonal rabbit anti-human; cat no. 3692; 1:1,000); anti-phosphorylated (p) EF2 (Thr56) (polyclonal rabbit anti-human; cat no. 2331; 1:1,000); anti-pAkt (Ser473) (monoclonal rabbit anti-human; cat no. 4060; 1:1,200); and anti-cyclin D1 (monoclonal rabbit anti-human; cat no. 2922; 1:1,000; Cell Signaling Technology, Inc., Danvers, USA). Next, the membranes were washed three times with TBST for 6 min each, and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (cat no. 7074; 1:2,000; Cell Signaling Technology, Inc.) secondary antibody for 2 h at room temperature. Proteins were visualized by enhanced chemiluminescence. The expression levels of the target proteins were normalized to those of GAPDH.
In vitro wound healing assay. Cells were transfected with miR-877 mimic or scramble control miRNA and cultured in 60-mm tissue culture plates under standard conditions (25) . At 24 h post-transfection, the cells were incubated with mitomycin C (10 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) for 2 h to prevent any potential cell migration due to cell proliferation. Subsequently, mitomycin C was removed from the medium, and the cells were washed 3 times with 1X phosphate-buffered saline (PBS; Nanjing Sunshine Biotechnology Co., Ltd., Nanjing, China), prior to being scratched with a Axygen P200 pipette tip (Corning, Inc., Corning, NY, USA), in order to create an artificial wound (width, ~0.5 mm; length, 2 cm). The cells were then washed 3 times with PBS to remove any cellular debris. Next, fresh medium was added to the cells, which were cultured for additional 24 h. To monitor the healing process, the wounds were photographed at 0 and 24 h after the cells had been scratched.
Luciferase assay and constructs. The 3'-UTRs of the wild-type and mutant eEF2K sequences were cloned into the PsiCHECK-2 Vector (Promega Corporation, Madison, WI, USA), as previously described (12) . A Fast Mutagenesis System mutation kit (TransGen Biotech, Inc., Beijing, China) was used for mutant construction, and DNA sequences were confirmed by DNA sequencing. A total of 2x10 5 RCC cells were seeded into 48-well plates and incubated for 24 h prior to transfection. Then, 40 ng of the PsiCHECK-2-eEF2K-3'-UTR plasmid and 10 pmol scramble control miRNA or miR-877 mimic were added to 50 µl Opti-MEM (Thermo Fisher Scientific Inc.), and co-transfection was subsequently performed using 0.5 µl Lipofectamine 2000/50 µl Opti-MEM. The luciferase activity of the cell extracts was measured at 24 h post-transfection, using the Dual-Luciferase Reporter Assay System (Promega Corporation). The transfection efficiency was normalized by detecting the activity of Renilla luciferase, according to the Dual-Luciferase Reporter Assay System manufacturer's instructions.
Bioinformatics. The binding sites for miR-877 on the 3'-UTR of the potential target genes were predicted by miRanda software (available from http://www.microrna.org).
Statistical analysis. The RT-qPCR results were analyzed using the 2 -∆∆Ct method. Multiple regression analysis was used to evaluate the association between the expression levels of miR-877 and the clinical features of RCC. P<0.05 was considered to indicate a statistically significant difference.
Results

Downregulation of miR-877 expression in plasma and RCC tissues.
The plasma levels of miR-877 in 100 patients with RCC and 100 healthy control individuals were measured by RT-qPCR. The data indicated that the concentration of miR-877 in the plasma was markedly reduced in patients with RCC compared with the healthy control individuals (P<0.001; Fig. 1A) . The clinical significance of miR-877 was further validated by analyzing the expression levels in 50 RCC and paired tissues via RT-qPCR. In agreement with the results obtained in the plasma, RT-qPCR revealed that miR-877 was significantly downregulated in 96% of the RCC samples (P<0.001; Fig. 1B) . Notably, miR-877 was barely expressed in the RCC ACHN, Caki-2 and 769-p cell lines (Fig. 1C) . Luciferase reporter assays revealed a reduction in reporter activity following the transfection of the wild-type eEF2K 3'-UTR reporter construct into the 786-O and ACHN RCC cells overexpressing miR-877. The eEF2K 3'-UTR mutant and control constructs did not exhibit any effect on reporter activity. A Renilla luciferase construct was co-transfected into the cells as an internal control. The normalized luciferase activity of the control construct in each experiment was set to 1. The data represent the mean ± standard error. * P<0.01 vs. control. The (C) mRNA and (D) protein levels of eEF2K were examined by RT-qPCR and western blot analysis, respectively, in RCC 786-O and ACHN cells overexpressing miR-877. The mRNA data were normalized to the levels of GAPDH, which was used as a loading control in western blot analysis. * P<0.01 vs. control miRNA. miR, microRNA; eEF2K, eukaryotic elongation factor-2 kinase; UTR, untranslated region; RT-qPCR, reverse transcription-polymerase quantitative chain reaction; NC, negative control; WT, wild-type; mut, mutant.
Overexpression of miR-877 suppressed RCC cell proliferation.
To explore the biological significance of miR-877, miR-877 mimic and control miRNA (Guangzhou Funeng Gene Co., Ltd.) were transfected into the RCC ACHN, Caki-2 and 769-p cell lines. The efficiency of the transfection was assessed by RT-qPCR. The expression of miR-877 was observed to demonstrate a 400-2,400-fold increase in the ACHN, Caki-2 and 769-p cells. There were no evident morphological changes in the cells overexpressing miR-877, but cellular proliferation analyses demonstrated that the overexpression of miR-877 suppressed cell proliferation in the 3 RCC cell lines (P<0.05; Fig. 2) .
Overexpression of miR-877 reduced RCC cell motility during wound healing.
To investigate the effect of miR-877 on the migration ability of RCC cells, a scratch wound healing assay was performed. For this purpose, 4 different RCC cell lines, consisting of the ACHN, Caki-2, 769-p and 786-O cell lines, were transfected with miR-877 mimic or scramble control miRNA, and the migration distance was measured at 0 and 24 h after the cells had been scratched. Compared with the scramble control miRNA, all the RCC cell lines that were transfected with miR-877 mimic exhibited enhanced migration at 24 h (P<0.01; Fig. 3 ).
miR-877 directly targeted eEF2K by af fecting the eEF2K/EF2 signaling pathway. Bioinformatics analysis predicted the 3'-UTR of eEF2K to contain complementary binding sites for miR-877 (Fig. 4A) . To test whether eFF2K was a functional target of miR-877, dual luciferase reporter assays were performed, and to assess whether eEF2K was a functional target of miR-877, dual luciferase reporter assays were performed. Therefore, HEK293 cells were transfected with a wild-type or mutant PsiCHECK-2-eEF2K-3'-UTR plasm id, and the cells were co-transfected with miR-877 mimic or scramble control miRNA. Compared with the scramble control miRNA, the miR-877 mimic significantly reduced the luciferase activity of wild-type PsiCHECK-2-eEF2K-3'-UTR, but did not alter the activity of the mutant plasmid (Fig. 4B) . In addition, the mRNA and protein levels of eEF2K were significantly reduced in Caki-2 and 786-O cells transfected with miR-877 mimic or scramble control miRNA (Fig. 4C and D) . These results suggest that eEF2K mRNA was a direct target of miRNA-877. In order to assess whether miR-877 affects the eEF2K/EF2 signaling pathway, the levels of downstream were transfected with miR-877 mimic, and the cell lysates were subjected to western blot analysis. GAPDH was used as a control. Overexpression of miR-877 mimic reduced the protein levels of eEF2K, pEF2, cyclin D1, Akt and pAkt. miRNA, microRNA; RCC, renal cell carcinoma; eEF2K, eukaryotic elongation factor-2 kinase; p, phosphorylated; Akt, protein kinase B; NC, negative control.
proteins in the cascade, including Akt, cyclin D1 and pEF2 were measured by western blot analysis. As presented in Fig. 5 , the protein levels of cyclin D1, Akt, pAkt and pEF2 were reduced in the miR-877-transfected RCC cells.
eEF2K protein levels are upregulated in RCC tissues. To investigate whether miR-877 was involved in the pathogenesis of human RCC, the protein levels of eEF2K in RCC tissues were evaluated. The mRNA and protein expression levels of eEF2K in 16 pairs of RCC and normal tissues were analyzed by RT-qPCR, western blotting and immunohistochemistry (IHC). The 16 pairs of samples exhibited a significant increase in the levels of eEF2K in the RCC tissues, compared with the control tissues (Fig. 6A) . In addition, low levels of miR-877 were associated with increased expression levels of eEF2K mRNA, and vice versa. Notably, compared with the normal tissues, marked overexpression of the eEF2K protein was detected in the 16 RCC tissue specimens by IHC and western blot analysis ( Fig. 6B and C, respectively), further supporting that eEF2K is upregulated in RCC tissues.
Discussion
RCC is one of the most common neoplasms of the kidney in adults (28) . Metastatic RCC is challenging to treat, and the 5-year survival rate is <10% (3). Therefore, early diagnosis of RCC is of importance. miRNAs are small non-coding RNA molecules containing ~22 nucleotides. miRNAs are well conserved in plants and animals, and are considered to be a vital and evolutionarily ancient component of genetic regulation (13) . In animals, miRNAs are able to recognize target mRNAs through specific binding sites located at the 3' end of the target RNA molecule (14) . The binding of the miRNA to its target mRNA induces the cleavage of the targeted mRNAs, which constitutes a post-transcriptional regulatory mechanism of gene expression (14) .
Previously, miRNAs have been revealed to perform an important role in cancer metastasis, and miRNAs are considered to be prognostic biomarkers in cancer (13) . It has been demonstrated that miRNAs are stable and resistant to extreme pH and temperature in body fluids (29, 30) , and serum miRNAs have been reported as the best biomarker for cancer diagnosis (31, 32) . Thus, the use of serum as a diagnostic tool for patients with RCC is of relevance. In the present study, a miRNA signature was identified in plasma and tissues of patients with RCC. The expression levels of miR-877 were observed to be downregulated in the RCC specimens, whereas the expression levels of its target gene eEF2K were upregulated in these samples. This trend has also been previously reported in other types of cancer, which suggests that miRNAs may be involved in the development of metastatic RCC (33, 34) .
The results of the present study indicated that miR-877 was downregulated in blood and tissues of patients with RCC. These findings suggest that miR-877 may be a potential biomarker for RCC. During the process of tumor development, miRNAs may act as oncogenes or tumor suppressors, depending on the target genes (35) . Therefore, gene regulation by miRNAs is a complex process, since miRNAs may possess direct and indirect targets (36) . The direct targets of miRNAs may be affected at the mRNA level by mRNA degradation, or at the protein level by translation inhibition (37) . The indirect targets of miRNAs may be downstream pathway molecules of the miRNA target genes (13) .
In the present study, miR-877 was predicted to target sites on the 3'-UTR of eEF2K, according to bioinformatics analysis. eEF2K is a CaM-dependent protein kinase III that is activated by Ca 2+ /CaM. The activation of eEF2K triggers the phosphorylation of eEF2, which leads to an increase in nuclear transcription (20) . It has previously been demonstrated that the activity of eEF2K was associated with proliferation of tumor cells, and high expression levels of eEF2K have been detected in several types of malignancies (18) . eEF2K has been found to modulate the activity of certain apoptotic proteins, which resulted in the inhibition of cancer apoptosis (20) . eEF2K has also been reported to perform a regulatory role in autophagy (21) . eEF2K has been previously been considered a potential cancer target, but therapeutic interventions based on eEF2K have not been developed at present (38) .
In the present study, eEF2K was upregulated in RCC tissues. In order to investigate the role of miR-877 in RCC, the RCC cells were transfected with miR-877 mimic and western blot analysis was performed. The results demonstrated a significant downregulation of eEF2K in the cells transfected with miR-877 mimic compared with the control group. In addition, certain cellular phenotypes, including cell proliferation and migration, were demonstrated to be regulated by miR-877 via the eEF2K/eEF2 signaling pathway.
In conclusion, the results of the present study may aid the understanding of the mechanism behind RCC metastasis. Furthermore, the specific expression pattern of miR-877 observed in the present study and the effects exerted by miR-877 on multiple signaling pathways in RCC cells suggest that miR-877 may be a potential therapeutic intervention for the treatment of cancer.
